croseismic oscillations, assessing the ground impact as well as establishing the isoseismic map and examining the aftershock activities (Le Tu Son et al., 2004; Cao Dinh Trieu, 2001; Nguyen Ngoc Thuy et al., 2005) . However, these studies are mainly based on seismic data and have not elucidated the development in the hypocentre region as well as its relation to the geomorphological features and the tectonic activities in the area.
Recently, there have been many studies evaluating seismic hazard and partitioning of strong earthquake activity (Mmax) based on the combination of geological, geophysical, geomorphological and seismic data (Ngo Thi Lu et al., 2016 , 2017 Nguyen Huu Tuyen, Ngo Thi Lu, 2012; Rodkin et al., 2014) .
In addition, the development of science and information technology allows us to use geographic information system,GIS and remote sensing data in a series of studies, such as the risk assessment of landslide risk (Barančoková, Kenderessy, 2014) ; to use GIS for creation of geohazards map (Magulová, 2009 ); using modern geological techniques and spatial analysis such as satellite imagery and geographic information to study, assess and establish maps of earthquake risk (Nguyen Hong Phuong et al., 2018) , maps of the forest fires risk (Belgherbi et al., 2018) ; and so on.
On the other hand, with a large number of accompanying aftershocks as mentioned in the aftershock catalogue of Dien Bien earthquake (Le Tu Son et al., 2004) , the more detailed studies on the characteristics of aftershock activities and their development in the hypocentre region can be conducted. It allows clarifying the recent activities of a series of tectonic faults in the area. Therefore, in this article, we have investigated the characteristics of aftershock activities of Dien Bien earthquake on 19 February 2001 and studied their relation to geomorphological features and tectonic activities based on the modern geological techniques and combination of seismic data and remote sensing data.
Methods

Seismic data
To study the characteristics of aftershock activities of Dien Bien earthquake, first, we have collected the data on its aftershocks. According to data in the aftershock catalogue of Dien Bien earthquake (Le Tu Son et al., 2004) , from 19 February 2001 to 9 June 2001, 378 aftershocks with a magnitude of M ≤ 4.8 have occurred. The earthquake magnitude (M) is determined by the length of recorded tape in accordance with (Nguyen Dinh Xuyen, Nguyen Le Yem, 1980) :
where T is the length of recorded tape (in second).
On the basis of the experience of seismic data processing staff at the Institute of Geophysics, Vietnam, the length of recorded tape is calculated from the occurrence of wave to the end on the tape (when the wave amplitude is twice as high as the interference amplitude). In addition, this earthquake was also recorded by many international seismic stations in the area (Seismological Bulletin of ISC, 2001) .
Amongst 378 aftershocks mentioned above, 29 aftershocks had a magnitude of M ≥ 2.0, in which 23 aftershocks had a magnitude of M ≥ 2.5. We have studied the temporal evolution of these aftershocks as well as their spatial distribution. We have also examined their characteristics in the general relation to other strong earthquakes and aftershocks in the adjacent areas (Le Tu Son et al., 2004) . The data on Dien Bien earthquake and its aftershocks are presented in Table 1 . It should be noted that in Table 1 , the magnitude values M T according to the length of recorded tape have been converted to the magnitude values M S according to the surface wave using the following formula (Ngo Thi Lu, 2003) :
Furthermore, we have added the dimension parameters of hypocentre of mainshock, which are calculated using the following formula (Shebalin, 1971 (Shebalin, , 1974 in accordance with (Ngo Thi Lu, 1999 
Morphotectonic data
To study the relationship between the aftershocks of Dien Bien earthquake and tectonic activity in the area, we have analysed morphotectonic features of the restricted area that is limited by the coordinates: φ = 21.06-21.91°N; λ = 102.70-103.39°E (Figures 3 and 4) . Large-scale topographic maps (1/50,000), digital elevation maps and remote sensing data of the Digital Elevation Model (DEM images) were used to analyse the density of lineaments and geomorphic indicators as the first step to detect the surface deformation associated with tectonic activity.
The V f index (the ratio between the valley floor width and its height) reflects deepening of erosion. It allows to estimate the rate of vertical movement of the area. The lower values of V f (often close to values 0 with V-shaped valleys) are commonly related to an active uplifted area (Bull, 2007; Bull, McFadden, 1977) .
The analysing of remote sensing data includes aerial photography and satellite images with high resolution in order to reveal landscape deformation that are formed by inter-activities of the endogenous-exogenous processes. The morphotectonic indicators for horizontal movement are rectilinear fault scarps, beheaded valleys of minor tributaries, as well as shutter ridges. And component of normal slip is identified by the presence of small-size triangular facets (Zuchiewicz, Cuong, 2002 . Moreover, tectonic data are referenced from the tectonic map in (Nguyen Ngoc Thuy et al., 2005) . Fig. 1 shows the distribution of epicentres of Dien Bien earthquake and its aftershocks. The aftershocks are numbered from 1 to 29 according to the temporal evolution in the hypocentre (their occurrence time). In consideration of their relation to tectonic faults in the area, it is obvious from Fig. 1 that the major earthquake occurred at the coordinate φ = 21.336, λ = 102.803, near Lai Chau-Dien Bien (LC-DB) fault, slightly towards the right of this fault. According to the results obtained in Figure 1 , the epicentres of aftershocks of Dien Bien earthquake were distributed along this fault, mainly in the northeast (NE)-southwest (SW) direction in an area of about 30 km wide and more than 40 km long from Thanh Nưa (NE) to Tay Trang (SW), and concentrated more densely in Dien Bien Phu. In addition, the epicentres of aftershocks with greater magnitude were concentrated in a region on the right of this fault with the narrower area of more than 50 km 2 , more than 10 km long and about 5 km wide. The aftershocks with smaller magnitude were distributed outwards on both sides of LC-DB fault and more northwards compared to the mainshock. It is also observed that the LC-DB fault crosses this area in the NE-SW direction and its branch runs in the sub-longitudinal direction. The epicentre of Dien Bien earthquake was very close to the intersection of LC-DB fault with other faults such as Dien Bien-Pakanua, Fumaytun, Thanh Nua-Keo Lom, Kan Ho-Muong Mon faults (Fig.1) .
Characteristics of aftershock activities of Dien Bien earthquake
Spatial distribution of aftershocks
Temporal evolution of aftershocks
In consideration of temporal evolution of aftershocks and based on the distribution of tectonic faults in the area, it is possible to delineate five epicentre regions of aftershocks of Dien Bien earthquake as in Fig. 1 (below called aftershock series) .
-The first aftershock series (I): This series includes the earliest aftershocks following the mainshock. Their epicentres were distributed quite concentratedly in an ellipse-shaped area of 53 km 2 with a width of 5 km and an axis of 10 km in the NE-SW direction, coinciding with the direction of LC-DB fault. Thus, the dimension and area of distribution of the first aftershock series are relatively consistent with the dimension of hypocentre of mainshock presented in Table 1 (Shebalin, 1971 (Shebalin, , 1974 . It means that the first aftershock series was located in the extremely active zone, which was the source zone of Dien Bien earthquake. It can be observed from Fig. 1 and Table 1 that about 15 min after the mainshock, an aftershock with a magnitude of M = 3.1 occurred immediately (aftershock 1); its epicentre was located 25 m slightly eastwards compared to the mainshock and on the right of LC-DB fault in the first aftershock series. The subsequent aftershocks also shifted towards this direction compared to the mainshock (aftershocks 2, 3, 4, 6 and 7) and were distributed quite concentratedly in the first aftershock series. The epicentre of the strongest aftershock with a magnitude of M = 4.8 was also distributed in this series (aftershock 4).
-The second aftershock series (II): This series consists mainly of the aftershocks that followed the aftershocks of the first series. Their epicentres were also distributed concentratedly in a smaller ellipse-shaped area of about 44 km 2 with a width of 4.4 km and an axis of nearly 13 km in the sub-longitudinal direction and more northwards compared to the mainshock. It is noteworthy that the second aftershock series lay between two faults towards the right of LC-DB fault and the left of Fumaytun fault. Both segments of these two faults follow the sublongitudinal direction, coinciding with the extending direction of the second aftershock series.
-The third aftershock series (III): This series consists of the aftershocks occurring later than those of the second series with smaller magnitude M. They were extensively distributed in an ellipse-shaped area of about 148 km 2 (with a length of 24 km and a width of 7.9 km) towards the left of LC-DB fault and more towards northwest direction compared to the mainshock and the first two aftershock series. Particularly, the third aftershock series seemed to be distributed closer and located at the end of Kan Ho-Muong Mon fault.
-The fourth aftershock series (IV): This series includes the aftershocks that followed the aftershocks of the third series. Their epicentres were distributed on the left of LC-DB fault branch and more towards northwest direction compared to the mainshock, and more towards southeast direction compared to the third aftershock series. They were also distributed in a smaller ellipse-shaped region compared to the third series with a length of about 21.5 km, a width of about 6.1 km, an area of 106 km 2 and extended in the NE-SW direction, coinciding with the extending direction of the LC-DB fault.
-The fifth aftershock series (V): This series includes the latest aftershocks (with smaller magnitude M) that were distributed outwards on the right of both LC-DB fault and Fumaytun fault. This series shifted more towards north direction compared to the mainshock and the first aftershock series. They were concentrated in the largest ellipse-shaped area of 239 km 2 with a width of about 9.4 km and an axis of 33 km in the NE-SW direction, coinciding with the extending direction of LC-DB fault. It is noteworthy that the fifth aftershock series was distributed furthest from LC-DB fault but closer to Fumaytun fault and lay on both sides of Thanh Nua-Keo Lom fault branch.
Thus, the above-described process has shown that the development in the hypocentre region (source zone) of Dien Bien earthquake consists of five aftershock series with the evolution recurring on both sides of LC-DB fault and shifting towards different directions compared to the mainshock: After the mainshock, the first aftershock series occurred on the right side of LC-DB fault in the Dien Bien Phu segment and then the aftershock activities gradually shifted towards east and NE directions on the right of this fault. Subsequently, the aftershock activities developed on the left of LC-DB fault and shifted towards northwest di-rection, then slightly towards SW direction and finally extended on the right of LC-DB fault towards the east-NE direction compared to the mainshock. This process is the evidence that not only indicates the consistency of seismic and tectonic data but also confirms the active and recent activities of LC-DB fault and other faults in this area. It is also the cause of Dien Bien earthquake and its aftershock series.
Depth distribution of aftershocks
The depth distribution of hypocentres of mainshock and its aftershocks is presented in Fig. 2 . It is clear that the hypocentre of Dien Bien earthquake was located at a depth of 6.1 km and the hypocentres of its aftershocks were located at a depth of 0-10 km, mainly concentrated on the surface (Fig. 2, Table 1 ). This result shows that Dien Bien earthquake is a shallow earthquake, with the hypocentre located near the Earth's surface.
Relation between characteristics of aftershock activities of Dien Bien earthquake and morphotectonic features in the area
To determine the relationship between characteristics of the aftershock activities of Dien Bien earthquake and geomorphic features caused by tectonic activities in the studied area, we have established the distribution diagram of epicentre of Dien Bien earthquake and its aftershocks based on the digital elevation map (Fig. 3) and distribution map of morphotectonic indicator (V f index) and lineament density (Fig. 4) .
On the basis of the results obtained from Figs 3 and 4 , the spatial distribution and temporal evolution of aftershock series of the Dien Bien earthquake have been examined together with topographic and morphotectonic analysis. It can be observed that all five aftershock series were distributed along deep -Hypocenter of mainshock valleys or steep slopes belong to tectonic fault branches (Fig. 3) . The aftershock series with greater magnitude and earlier occurrence time were distributed in deep valleys or their slopes (the first and second series). The weaker and later aftershock series were distributed along steep slopes (the third, fourth and fifth series). It allows us to comment that the active activities of LC-DB fault along with its neighbouring fault branches caused the destruction and movement of matter in the existing geological environment and triggered Dien Bien earthquake and its aftershocks. The occurrence of aftershock series and their magnitude do not only depend on the distance from the mainshock and active faults that cause them but also on the terrain elevation, where they occurred. It should be noted that the legends of Fig. 3 are similar to those of Fig. 1 ; 13 in the figure represents the epicentre of the earthquakes, corresponding in Table 2 .
Comparison of the aftershock series distribution of the Dien Bien earthquake with distribution of the geomorphic index (V f ) and the lineament density on Fig. 4 shows that all five aftershock series are distributed where the geomorphology anomalies are quite high. In particular, the aftershock series with greater magnitude and earlier occurrence time (the first and second series) are distributed in the central of Dien Bien Phu basin, where the highest value of geomorphic index (V f = 2.2-4.0), and the lineament density is also relatively high (about 0.35-0.5m/km 2 ). The weaker and latter aftershock series (the third, fourth and fifth Fig. 4 . Relation between characteristics of aftershocks of Dien Bien earthquake and morphotectonic indicator ( V f ) and lineament density in the studied area. Notes: 1-9 − are similar to those of 1-9 in Fig. 1 ; 10 − isoline of geomorphic index value V f ; 11a − normal fault; 11b − reverse fault. series) were distributed at the area with lower values (V f = 0.4−1.4). However, here the lineament density is higher (approximately 0.55-0.7 m/km 2 ) (Fig. 4) . Thus, the temporal evolution (early or late) and magnitude of aftershock series depend not only on the closer or further distance compared to the mainshock and the active faults that cause them but also on terrain elevation, slope index, lineament density and their positions relative to other tectonic faults in the studied area.
According to the results from the combination of different studying methods such as analysing morphotectonic indicators, age dating of young terraces as well as precise geodetic measurements (Zuchiewicz, Cuong, 2002 Zuchiewicz et al., 2004) , the LC-DB fault zone is a sinistral, sinistral-normal one. It does not only activate with rate of sinistral strike-slip ranging from 2 to 4 mm/yr in middle-late Pleistocene and from 0.6 to 2 mm/yr in Holocene and also about 1 mm/yr at present. The rate of Holocene uplifting is about 0.4-0.6 mm/yr in the western part of Dien Bien Phu, exactly where the Dien Bien Earthquake took place on 19 February 2001.
The activities of the LC-DB fault zone are more intensive on the radiating fault branches that develop to both two sides in its SW (Thanh Nua-Keo Lom, Fumaytun, Dien Bien-Pakanua, Kan Ho-Muong Mon faults), consistent with the locations where the aftershocks occurred.
If applying a larger scale to examine Dien Bien earthquake and its aftershocks along with other earthquakes in Dien Bien province (Fig. 3) , Tuan Giao earthquake on 24 June 1983 (M = 6.7), Lai Chau 1 earthquake on 1 January 2001 (M = 4.5), Lai Chau 2 earthquake on 2 April 2001 (M = 4.9), and the latest Dien Bien 2 earthquake on 9 January 2015 (M = 4.7) ( Table 2) , it can be observed that amongst the five earthquakes occurring from 1983 to present, three earthquakes occurred along LC-DB fault at different segments: Lai Chau 1, Lai Chau 2 and Dien Bien 1. Their epicentres were distributed in a strip extending in NE-SW direction, and their occurrence repeated in this direction. Lai Chau 1 earthquake occurred earliest on LC-DB fault at Lai Chau segment, followed by Dien Bien 1 earthquake on this fault at Dien Bien. Its epicentre shifted more towards SW direction compared to Lai Chau 1 earthquake. Subsequently, Lai Chau 2 earthquake also occurred on the right of this fault and its epicentre shifted more towards NE direction compared to two above-mentioned earthquakes. Thus, the seismicity in LC-DB area is quite active and the earthquake activities occur repeatedly along LC-DB fault. This process is the evidence that confirms the active and recent activities of LC-DB fault.
The results obtained is very important and seems to open a new approach in the study of earthquake activity characteristics, especially in active seismic regions based on the use of combinations of seismic, tectonic, geomorphic and remote sensing data. 
Conclusion
The characteristics of Dien Bien earthquake on 19 February 2001 and its aftershocks have been studied and examined in detail. On the basis of the spatial distribution and temporal evolution of aftershock series of Dien Bien earthquake, its development in the source zone has been clarified, which consists of five aftershock series recurring on both sides of LC-DB fault and shifting towards different directions compared to the mainshock. This process is the evidence that not only indicates the consistency of seismic and tectonic data but also confirms the active and recent activities of LC-DB fault and other ones in this area. It is also the cause of Dien Bien earthquake and its aftershocks. Examining the characteristics of aftershock activities of Dien Bien earthquake in relation to geomorphological features and tectonics activities in the area reveals that the magnitude of aftershock series and their temporal evolution (early or late) depend not only on the closer or further distance compared to the mainshock and the active faults that cause them but also on terrain elevation, slope index, lineament density and their positions relative to other tectonic faults in the studied area. Therefore, it is necessary to study in detail other earthquakes and their aftershocks in relation to geomorphological and tectonic features in order to clarify the mechanism and serve the prediction of aftershocks following the mainshock.
